It was recently suggested that the discrepancy between two methods of measuring the lifetime of the neutron may be a result of an unseen decay mode into a dark matter particle which is almost degenerate with the neutron. We explore the consequences of this for the properties of neutron stars, finding that their known properties are in conflict with the existence of such a particle.
Introduction
For some time there has been a discrepancy of about 8 seconds ( 3.5σ)between two techniques used to determine the lifetime of a free neutron. Following earlier suggestions that this discrepancy might result from an oscillation to a mirror neutron [2] , it was recently proposed by Fornal and Grinstein [1] that it could rather be caused by a new decay mode of the neutron to an almost degenerate dark matter particle, which would not be visible in one of the measurments. Several authors have already placed further constraints on this mechanism. Czarnecki and collaborators [3] noted a degree of tension between the current best value of the neutron axial charge and this explanation but could not rule it out.
On the basis of a new experimental measurement at the Los Alamos ultra-cold neutron facility, Tang et al. [4] ruled out the decay mode n → DM + γ, where DM represents the hypothesised dark matter particle, however this leaves the decay to two dark matter particles as a viable possibility. More recently it has been suggested by Serebrov et al. [5] that a so-called reactor anti-neutrino anomaly might also be explained by the same mechanism.
Here we examine the consequences of the existence of such a dark matter particle in a very different environment, namely a neutron star. If there were indeed a dark matter particle almost degenerate with the neutron, then as the density of nuclear matter increases and the chemical potential of the neutrons rises above the mass of the dark matter particle the neutrons must decay to restore chemical equilibrium. Since the composition of the nuclear matter in the core of a neutron star is dominated by neutrons with a chemical potential well above the neutron mass, in this new scenario one must expect that almost half of the energy density of matter in the core would now be dark. As we shall see this dramatically reduces the pressure for a given energy density, which in turn reduces the maximum mass of the neutron stars which can be formed. Indeed, our calculations suggest that this scenario is incompatible with the existence of neutron stars whose masses are already well established.
Equations of state and solution of the TOV equations
In order to calculate the equation of state (EoS) of dense matter, which is required as input to the Tolman-Oppenheimer-Volkov (TOV) equations [6, 7] used to compute the mass and radius of a given neutron star, we use the quarkmeson coupling (QMC) model [8, 9, 10] . This model yields a relativistic EoS for hadrons starting from the self-consistent solution for the structure of hadrons moving in relativistic mean-fields corresponding to the σ, ω and ρ mesons. region of two M , even when hyperons are included [8] , while producing realistic hypernuclear binding energies [12, 13] .
On the other hand, for the present application many of these features are not needed, as so much of the energy density is carried by dark matter that the maximum stellar mass is already reached before hyperons can enter the EoS, so it enough to consider matter consisting of neutrons, protons, electrons and muons in β-equilibrium, in chemical equilibrium with dark matter. In this case, treating the DM as degenerate with the neutron (as a difference of order 1 MeV will make no meaningful difference), the chemical equilibrium equations are simply
where µ n(p) are the proton and neutron chemical potentials, µ e is the electron chemical potential and we also include the muon if it is energetically allowed.
To calculate the EoS we use the model QMC700, which is fully explained in
Ref. [8] . In the case where only nucleons are included, like most other relativistic The expression for the pressure is
where n i are number densities of the species present, µ i their chemical potentials and the total energy density. From Eq. (2) it is obvious that at the same energy density the lower neutron chemical potential resulting when DM is included will result in a lower pressure. While the sign of the effect is obvious, the size of the reduction in practice is remarkable, as we see in Fig. 1 .
Such a reduction in pressure for a given energy density might be expected to lead to stars with a lower maximum mass but the extent of the reduction is very large. In particular, as illustrated in Fig. 2 , the maximum mass of a neutron star decreases from around 2.2 M to as low as 0.7 M once DM is allowed. In part this can be understood by the argument presented earlier, below Eq. (2). However, the effect is significantly enhanced by the change in composition shown in Fig. 3 , where we see that the composition of the matter in the core of the star is dominated by DM at relatively low baryon density.
Concluding remarks
In concluding, it seems worthwhile to put our results in some perspective.
Many authors have investigated the consequences for neutron stars if they capture dark matter of various kinds [14, 15, 16, 17] . This corresponds to a star, before decay, of mass around 0.7 M .
We have explored the consequences for the maximum mass of a neutron star of the proposed explanation for the discrepancy between modern measurements of the lifetime of the neutron involving a decay mode to a dark matter particle which is almost degenerate with the neutron. The dark matter is assumed to be non-interacting. As the central density of the star increases it is unavoidable that the fraction of particles that are dark begins to dominate, with the consequence that for a given energy density the pressure is dramatically lowered.
As a consequence, when the TOV equations are solved the pressure is unable to sustain stars as massive as those found without dark matter. Indeed the maximum mass allowed is reduced to just 0.7 M .
We have verified that alternate parameter sets with or without the inclusion of hyperons make no significant difference. The effect of this hypothesised dark matter particle is so dramatic that the conclusion that one cannot generate stable stars with the masses observed in Nature, typically around 1.4 M but as large as 2 M , is model independent. As a result we are led to conclude that this explanation of the discrepancy in neutron lifetimes cannot be correct and the proposed dark matter particle does not exist.
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